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Abstract 
 
 In this study, we search for the formation of magnetic clusters on Al2O3 implanted 
with 56Fe and 57Fe ions to a total fluence of 1.12 x 1016 ions.cm-2, corresponding to a 
concentration of approximately 4 at. %. The characterization methods include 
conversion electron Mössbauer spectroscopy (CEMS) and vibrating sample 
magnetometer (VSM).  
 CEMS measurements were carried out on the as-implanted sample and after 
annealing the sample up to 1173 K in air. The CEMS spectrum in the ‘as-implanted’ 
state is in good agreement with earlier studies and show that the implanted iron ions are 
present in four charge state Fe4+, Fe3+, Fe2+, and Fe
0. Annealing at temperatures above 
873 K resulted in significant changes in the spectra. The dominant spectral components 
were two quadrupole split doublets with isomer shifts of 0.36(3) and 0.33(2) mm/s 
which are characteristic of Fe3+.  
 Annealing at higher temperatures (up to 1173 K), showed a decrease in the 
quadrupole splittings of the doublets, indicating an increase in the size of the clusters. 
The absence of ferromagnetic sextets in the CEMS spectra indicate that the clusters are 
nanometer in size and display superparamagnetic behavior. Magnetization curves of the 
sample at T = 4 K and room temperature after annealing at 1173 K, confirm the 
superparamagnetic behavior of the clusters at room temperature.   
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Nomenclature 
EFG Electric Field Gradient  
 
Latzz
V  Lattice contributions to the EFG 
 
Valzz
V  Valence electron contributions to the EFG 
2x  Mean square displacement  
  20  Probability density  
QE  Quadrupole splitting 
 Isomer shift  
hfB

 Hyperfine magnetic field  
locB

 Local magnetic field 
CEMS Conversion electron Mössbauer spectroscopy 
oE  Transition Energy  
RE  Recoil Energy  
E  Gamma-ray energy  
f  Recoil-free fraction  
Fe Iron  
FWHM (Г) Full width of spectral line at half maximum height 
Al2O3 Aluminium Oxide  
Bk  Boltzmann Constant  
m  Mass 
M  Lattice mass  
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T  Temperature  
21t  Half-life of radioactive nucleus 
RT Room Temperature 
LABS Laboratory for Accelerated-Based Sciences 
VSM vibrating sample magnetometer  
K Kelvin scale 
eMS emission Mössbauer spectroscopy 
 Gaussian broadening    
XPS X-ray photoelectron spectroscopy 
fA Areal fraction 
EC Electron capture 
TA Annealing temperature  
MCA Multi - channel Analyser  
PHA Pulse Height Analyser 
TMS Transmission Mössbauer Spectroscopy 
MCS  Multi – channel scaling  
UKZN University of KwaZulu-Natal 
DUT Durban University of Technology 
nm nanometers 
Ms Saturation moment 
M moment 
B applied field 
TRIM Transport of ions in matter 
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HV High voltage  
MDU Mössbauer drive unit  
FG Function Generator 
µ Magnetic moment of the particle/cluster 
eV electron volts 
µm micrometer 
PPMS Physical Properties Measurement System 
mm/s millimetres per second 
cm centimeter 
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CHAPTER 1 
Fundamental Concepts and Literature Review 
 
 Aluminium oxide, otherwise known as alumina, has the chemical formula Al2O3. It 
is one of the most widely studied and used materials in the world. Aluminium oxide 
comes in several forms, corundum (α-Al2O3), diaspore (Al2O3H2O), gibbsite 
(Al2O3 3H2O) and bauxite [1]. Corundum (or α-Al2O3) is the most common and the 
only alumina phase stable at all temperatures [2, 3]. Other known forms of metastable 
aluminas are γ, η, θ, κ, χ polymorphs [2]. Due to differences in crystal structures, 
alumina may come in different forms. For example, α-Al2O3 has a trigonal crystal 
structure while γ-Al2O3 has a cubic structure [4]. Due to its favorable mechanical, 
electrical, and thermal properties, aluminium oxide may be employed as a catalyst, in 
electronic substrates, in gas purification, as furnace linings, and as abrasives for 
grinding and milling. Its low density, high elastic properties, and high hardness make it 
a “good” candidate for high strain-rate situations [5].  
 
 In this chapter, a discussion of relevant properties of alumina is presented. In this 
study, aluminium oxide, or alumina, refers to commercially acquired single crystals 
Al2O3 used for research, industrial or structural applications. In addition, discussion of 
different types of point defects is included since their nature and lattice location is vital 
for the understanding of new properties in doped semiconductor materials. A literature 
review will examine details related to transition metals in oxides and in particular 
Mössbauer spectroscopy measurements in alumina. The aims and specific objectives of 
the project undertaken in this study are briefly explained, and an outline of the 
dissertation is given at the end of this chapter.    
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1.1 Properties of Alumina (α-Al2O3) 
 
 The crystal structure of α-Al2O3 consists of close planes (A and B planes) of large 
oxygen anions stacked in the sequence as illustrated in Figure 1.1 [6]. The crystal lattice 
of α-Al2O3 is formed from Al3+ (valence of +3) and O2- (valence of -2) ions. To maintain 
neutrality, there can be only two Al3+ ions for every three O2- ions in a unit cell. The 
aluminium cations occupy two-thirds of the octahedral sites, and oxygen anions occupy 
one-third of the octahedral sites [1, 7].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1: (a) Corundum structure in α-Al2O3, (b) top view of the corundum 
structure, (c) octahedral structure of α-Al2O3 [7].  
 
 Knowing the electrical, thermal and mechanical properties of the material of choice 
can lead to a better understanding of how the material can be used. Table 1.1 shows 
some selected properties for α-Al2O3 measured at room temperature. 
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Table 1.1: Selected properties for α-Al2O3. 
 
Property Value 
Density (g. cm-3) 3.98 [8] 
Melting Point (oC) 2050 [9] 
Tensile Strength (MPa) 300 - 900 [10] 
Debye Temperature (K) ~ 900 [9] 
Bond length  (mean) (Å) 191[11, 12] 
Band Gap (eV) 8.8 [13] 
 
 
 Alumina is a very hard material, diamond and few other synthetic substances such 
as carborundum and silicon carbide exceed its hardness. This property makes it to used 
as abrasive material. Its high melting point, i.e. 2050 oC [9], makes it a useful refractory 
and linings of special furnaces [1]. But other impurities and alloy elements form 
secondary phases that can melt at considerably lower temperatures. Certain surfaces of 
alumina have shown a strong conductive behavior (such as the  101  surface [14], but 
in general, alumina is a strong electrical insulator with a very wide band gap [13, 14]. 
Its high volume resistivity of > 1014 Ω.cm, and strong dielectric strength of 16.9 
volts/mil [15] makes it an excellent insulator. The dielectric strength tends to dictate the 
amount of electric field strength the material can withstand before experiencing a 
breakdown of its insulating properties [15]. The strong electrical insulation behavior of 
alumina makes it a difficult material to examine under an electron microscope because 
the electron charge tends to build upon the surface [14]. A thin layer metal coating on 
alumina samples is required to make it possible to examine alumina under an electron 
microscope.  
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1.2 Point defects in a crystal 
 
 Point defects are imperfect point-like regions in a crystal structure. These defects 
can be distinguished as intrinsic defects, which occur in pure materials or extrinsic 
defects, which are due to impurity atoms. An intrinsic defect are classified a vacancy 
defect, which is due to a missing atom in a crystal lattice site and an interstitial defect is 
where an atom occupies an interstitial site (space between the atoms of the host 
material) where no atom would normally be present.  
 
 The extrinsic point defects are foreign atoms, which are referred to as solutes or 
impurities. These foreign atoms may be located in a lattice sites, forming a 
substitutional impurities (or solutes). They may also be located in interstitial sites, 
forming interstitial impurities (or solutes). However, if they are embedded in defect 
complexes in the lattice, they are referred to as interstitial-vacancy or substitutional-
vacancy complexes. A self-interstitial defect is an extra atom that has crowded its way 
into an interstitial void in the crystal structure. Self-interstitial defects, occurs in low 
concentrations in metals because they distort and highly stress the tightly packed lattice 
structure. The different types of point defects are shown in Figure 1.2.  
 
 To alter the electrical and optical properties of semiconductors, controlled amount 
of impurity atoms is introduced. The technique of adding these impurity atoms into 
semi-conductors is termed as doping. It is achieved either during the growth of a single 
crystalline semiconductor or by impurity diffusion or by ion implantation [16].  
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Figure 1.2: A schematic illustration of different types of point defects in a crystal 
lattice [16]. 
 
1.3 Literature review of Mössbauer studies in Al2O3 
 
 Mössbauer spectroscopy studies of Fe impurities in Al2O3 have been of interest 
over the past few decades. These studies were motivated by among other objectives, to 
understand the structural changes and behaviour induced by the Fe incorporation 
processes [17-23]. Some pioneering Mössbauer work performed on this material on low 
paramagnetic relaxations of Fe3+ impurities are well documented in refs [30-32]. 
Several authors [18, 27, 28] reported  that at high fluences (~1017 ions/cm2), Fe was 
observed to be in Fe4+, Fe3+, Fe2+, and Fe0 states. Kobayashi et al. [29] performed 
conversion electron Mössbauer spectroscopy (CEMS) measurements at low temperature 
and assigned Fe4+ ions to fine particles of metallic iron. 
 
Substitutional impurity-vacancy complex Self-interstitial 
Vacancy 
Interstitial impurity-vacancy complex 
Substitutional impurity 
Interstitial impurity 
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  The fluence dependence of the 57Fe Mössbauer spectrum upon Fe-implanted on 
Al2O3 has been described by several authors. McHargue et al. [19], reported the fluence 
dependence in the range of 1016-1017 ions/cm2, after implantation of 100-160 keV 57Fe 
at room temperature. They observed that at low fluences the as-implanted spectrum was 
dominated by Fe2+ ions. As the fluences increased the spectrum was mainly dominated 
by Fe3+ and Fe0 ions.  
 
 However, in the fluence dependence in the range of (1-10) x1016 ions/cm2 after 100 
keV 57Fe implantation at 77 K, McHargue et al. [18], reported that Fe to be in Fe4+, 
Fe2+, and Fe0 charge state and the Fe3+ ions were absent. Guomei et al. [28] performed 
140 keV 57Fe implantation to fluences of (5-20) x 1017 ions/cm2 and observed Fe in the 
Fe4+, Fe2+, and Fe0 charge states for the as-implanted sample and upon annealing the Fe 
was found to be in Fe3+, Fe2+, and Fe0 states. Recently, Dezsi et al. [30] confirmed by 
CEMS measurements of 80 keV 57Co* implantation to fluences of (1-3) x 1014 ions/cm2 
resulted in the presence of Fe in the Fe3+, Fe2+, and Fe0 charge states.  
 
  CEMS studies on the size and nature of nano-clusters formed in Fe-implanted 
Al2O3 are well documented in refs [19,31-34]. Perez et al. [35] reported the formation 
of clusters at different fluences. They observed clusters of ~2 nm sized Fe3O4 particles 
at fluences 6 x 1016 ions/cm2. An increased in fluence led to the formation of α-Fe 
particles sized at ~30 nm.   
 
1.4 Aims and objectives of this study 
 
 The present project formed part of a larger study conducted by Prof. K. Bharuth-
Ram (UKZN/DUT) and Prof. C. Ronning (University of Jena, Germany) on the search 
for magnetic cluster formation in metal oxides implanted with transition metal ions. The 
aim of the present study was to investigate the conditions required to achieve the 
formation of magnetic clusters by ion implantation of Fe into Al2O3 single crystal 
sample and focussed on Fe ions implanted with a fluence of 4 at. %, as the sample was  
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annealed up to 1173 K. The study sought to employ 57Fe Mössbauer spectroscopy in a  
form of conversion electron Mössbauer spectroscopy (CEMS) as the main 
characterization technique, and in addition, complement the CEMS data with 
magnetization measurements. 
 
1.5 Dissertation Outline 
 
 Chapter 1 gives a brief description of the properties of the material under study 
and of points of defects in crystals and provides a literature review of Mössbauer 
measurements in Al2O3, which lead to the identified aims and objectives of this study. 
The theory of Mössbauer effect and the hyperfine interactions are discussed in Chapter 
2. Chapter 3 focuses on the experimental details. It describes the sample preparation 
and the experimental techniques employed in this study, namely CEMS and 
magnetization measurements using a vibrating sample magnetometer (VSM). The 
analysis of data obtained from CEMS and VSM measurements and the interpretation of 
results are presented and discussed in Chapter 4, which concludes with a summary of 
results. Finally, Chapter 5 presents the conclusions.   
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CHAPTER 2   
Mössbauer Effect and Hyperfine Interactions 
 
 In this chapter the basic principles of Mössbauer effect are introduced, including a 
discussion of the hyperfine interactions that influence observed effects, namely electric 
monopole, electric quadrupole and magnetic dipole interactions.  
 
 The Mössbauer effect, or recoilless nuclear resonance fluorescence, is a physical 
phenomenon discovered by Rudolf Mössbauer in 1958 [36]. It is a useful method for the 
determination of the valence state of the Mössbauer resonance atom, particularly the 
high-spin Fe2+ and Fe3+ states. In addition, the magnitude of the electric quadrupole 
splitting (for non-cubic sites) or the magnitude of the magnetic hyperfine field (for 
magnetically ordered crystals, or for paramagnetic systems with sufficiently long 
electronic relaxation times) are an indication of the valence state of the resonance atom. 
Furthermore, since isomer shift, quadrupole splitting, and the magnetic hyperfine field 
are sensitive to the local atomic environment of the Mössbauer resonance atom, lattice 
defects in the vicinity of the Mössbauer impurity which can arise, for example, as a 
result of a charge-compensating process, can be investigated.  
 
 Mössbauer effect involves the resonant and recoil-free emission and absorption of 
gamma (γ) radiation by atomic nuclei bound in amorphous or crystalline solid. Its 
applications have been found in various fields of science. Because of its ability to detect 
weak interactions between the nucleus and its surroundings, it is a preferred technique 
in chemistry and physics. Detailed information on the electric and magnetic interactions 
of a probe nucleus and geometric structure of its environment can be extracted from the 
parameters that characterize the Mössbauer spectrum resulting from the hyperfine 
interactions between the nuclear probe and the charge density and distribution in its 
immediate surroundings.  
 
 
9 
 
 
 
2.1  The Mössbauer Effect 
 
 In an electromagnetic transition, a free nucleus of mass m in the excited state of 
energy, Ee, decays to the ground state of energy, Eg, by emitting a γ-ray of energy, Eγ. 
However, the emitted gamma ray not only takes away the energy Eγ, it also carries away 
momentum pγ (=Eγ/c) and the nucleus will recoil with energy, ER, in the opposite 
direction of the γ- rays as shown in Figure 2.1. The recoil energy is given by:  
 
 2
2
1
mvER  . (2.1) 
 
 
 
 
 
Figure 2.1:  Momentum PN and recoil energy ER lost by a free nucleus upon γ-ray 
emission.   
 
 
The recoil energy can be written in the form:   
 
      
2
22
22 mc
E
m
P
E oNR  , (2.2) 
 
where NP  and P represent the momenta of the nucleus and γ-ray, respectively, oE  is 
the transition energy between excited and ground states, and c is the speed of light in 
vacuum. The energy of the γ-ray E is not equal to the transition energy oE but is given 
as: Ro EEE  . As a result, this prevents resonant emission and absorption processes 
between free nuclei due to insufficient γ-ray energy resulting from the loss of energy 
due to recoil. This is illustrated in Figure 2.2.  
 
 
 
γ 
Recoil momentum, PN  Photon momentum, Pγ 
Nucleus of mass M  
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 However, when the nucleus is rigidly bounded in a crystalline lattice of mass M, the 
loss in energy due to recoil becomes infinitesimally small due to the effective mass of 
the whole system being much greater than that of the nucleus (M>>m), making 
RE very 
small compared to oE , resulting in nearly a recoil-free emission of the γ-ray. Figure 2.3 
shows the resonant emission and absorption between two nuclei.  
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Figure 2.3:  Resonant emission and absorption of a γ-ray.  
Nucleus in 
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ER 
Figure 2.2:  Lack of resonant γ-ray absorption due to recoil energy ER lost to the 
emitting nucleus. 
Eo 
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2.2 Recoil free fraction  
 
 When the nucleus of gamma ray emitting (or absorbing) atom is embedded in the 
crystal lattice, the recoil energy is transferred to lattice vibration to the atom and then 
dissipated as a heat [37-39]. In an Einstein model of a solid, there exist 3N (N is the 
number of atoms) vibration modes each having frequency
E . Thus makes the γ-ray 
absorption and emission to be accompanied by the transfer of integral multiples of 
quantized photon energies of 0,
E , E2 … to the lattice [37]. If ER<< E , there 
exist a probability of transition without lattice vibrations (zero-phonon transitions) [36]. 
This probability is referred to as the recoil-free fraction, f  and is related to the 
vibrational properties of the crystal lattice by the expression,  
 
 22exp xkf

                               (2.3) 
where 2x represents the mean square vibrational amplitude of the emitting (or 
absorbing) nucleus in the solid along the wave vector k

. The relation between the wave 
vector and the momentum of the γ-ray is expressed as,  
 
 


2
kh
p


  (2.4) 
 
where h  is Planck’s constant. However, the momentum of the γ-ray is related to its 
energy and the speed of light ( c ) by the equation;  
 
 
c
E
p

   (2.5) 
 
Thus, using equation (2.4) and (2.5), the wave vector can be expressed in the following 
form;  
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c
E
k
y

  (2.6) 
 
where 2h . Consequently, equation (2.3) can be re-written as,  
 
 








 2
22
2
exp x
c
E
f


. (2.7) 
 
In the Einstein model, the mean square displacement can be written as [40], 
  
 
2
2
Em
E
x

 , (2.8) 
 
where the mean energy E  of the oscillators is given by the quantum number of 
oscillators as,  
 
 






2
1
nhE E . (2.9) 
 
n  is the thermal average and can be expressed terms of the Bose-Einstein distribution 
function,  
 
  1exp
1


Tk
n
BE
. (2.10) 
 
Combining equations (2.7) – (2.10) gives the following expression for f : 
 
 












Tk
E
f D
D
R
2
cothexp


. (2.11) 
 
 The Debye model, on the other hand, abandons the idea of the single vibrational 
frequency of the lattice atoms and represents a range of oscillator frequencies ranging  
from zero up to a maximum D which follows the distribution formula 
 N constant 2X [41]. 
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 Then the Debye model leads to the expression:  
 
 
 





d
Tk
N
M
xk
B
D






  2
coth
2
0
22 
, (2.12) 
 
which simplifies to the following expression,   
 

























 
T
x
DDB
R
D
dx
e
xT
k
E
f


0
2
1
41
2
3
exp , (2.13) 
 
where 
D is the Debye temperature, Bk is the Boltzmann constant and T is the absolute 
temperature. The Debye temperature is given by:  
 
 
B
D
D
k
h
  . (2.14) 
 
 If 
D is known, f at any temperature can be evaluated using equation (2.13). For 
T <<
D , equation (2.13) reduces to:  
 
 

















2
22
2
3
exp
DDB
R T
k
E
f



, (2.15) 
 
and at absolute zero ( 0T K), equation (2.5) is reduced to:   
 
 






DB
R
k
E
f
2
3
exp . (2.16) 
 
 For T > D , f approximates to:  
 








2
6
exp
DB
R
k
TE
f

. (2.17) 
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 The following can be deduced from inspecting equations (2.15) and (2.17): f is 
dependent on the absolute temperature and decreases with increasing temperature, 
f increases inversely proportionally to RE , and f increases with an increase in the 
Debye temperature. 
  
2.3. Spectral line shape and Natural linewidth   
 
 The gamma emission probability as a function of the transition energy I(E), yield 
spectral line centered around the nuclear transition energy Eo, and have a Lorentzian 
shape as shown in Figure 2.4. If distribution of photons about oE is given by the Breit-
Wigner equation [38]:    
 
 
 
   220
2
2
2



EE
EI , (2.18) 
 
where Г gives the Full Width at Half Maximum (FWHM) of the resonance spectral line.  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Intensity I (E) plotted against transition energy E [37].  
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  The resonance absorption cross section is given by,  
 
  
  2
2
4 


o
o
EE
E

 , (2.19) 
 
o is given by the relation,  
 
 








1
1
12
12
2
2



g
e
o
I
I
, (2.20) 
 
where o  represents the maximum absorption cross section,  is the wavelength of the 
γ-ray, gI and eI are the nucleus spin quantum numbers of respective states, and α is the 
internal conversion coefficient.  
 
 According to the Heisenberg uncertainty principle, the natural linewidth ( ) is 
given in terms of energy uncertainty with mean lifetime N : 
 
 
N

 , (2.21) 
 
where N  is related to the half-life ( 21t ) of the radioactive nucleus by the relation,  
 
 21.2ln tN  . (2.22) 
 Using equation (2.21), the linewidth for 57Fe (Mössbauer nucleus) with an energy 
transition of 14.41 keV and mean lifetime of 141 ns will be ~ 4.7 x 10-9 eV. This gives 
an energy resolution value of approximately Г = 5 x 10-9 eV, resulting in an energy ratio 
of E = 3.1 x 10
12 eV. Mössbauer spectroscopy has the highest energy resolution      
(5 x 10-9 eV) amongst all other spectroscopic methods [41].  
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2.4 Mössbauer isotope: 57Fe  
 
 Since the discovery of Mössbauer effect, several elements in the periodic table have 
been used as Mössbauer isotopes. So far, more than 90% of Mössbauer spectroscopy 
publications utilizes 57Fe isotope [37]. In off-line laboratory-based experiments, the 
Mössbauer probe is populated via the radioactive source (57Co*) which has a half-life of 
271.74 days and decays by electron capture (EC) to the spin I = 5/2 excited state of 57Fe.  
The decay scheme 57Co* and its daughter isotope 57Fe is illustrated in Figure 2.5. 57Co* 
decays by electron capture (EC) to the 136 keV excited state of 57Fe which in turn 
decays directly to the ground state and emits 136 keV γ-rays (15%) or decays to the 
14.4 keV level and emits 122 keV γ-rays. The γ- transition for which the Mössbauer 
effect is observed has an energy of 14.4 keV and occurs between the first excited state I 
= 23  and the ground state I = 21 . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
  
 
Figure 2.5:  Nuclear decay scheme of 57Co. 
 
85 % 15 % 
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57Co*(t1/2 = 271.74 d) 
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2.5  Mössbauer spectrum  
 
 A Mössbauer spectrum is measured by detecting the resonant absorption of the γ-
radiation emitted in the transition to the ground state of the radioactive probe nucleus in 
the source by a stable nucleus of the isotope in a suitable absorber material [40]. The 
detection of resonant absorption is attained by increasing or decreasing the count rate at 
the resonant velocities in the backscattering geometry or transmission geometry. To 
observe the resonance between the source and the absorber, a γ-ray with variable energy 
is required [40]. In order to achieve this, the source is vibrated relative to a stationary 
absorber so that the γ-ray energy is Doppler shifted.  
 
 The level of resonant absorption at each velocity is determined by the how much of 
the shifted absorption energy profile overlaps with the relatively stationary energy 
profile spectrum [42]. Figure 2.6 shows the development of a Mössbauer spectrum. The 
greater the overlap, the higher the intensity of the resonant absorption line.  
 
  
 
  
 
 
 
 
 
 
 
 
 
 
Doppler Velocity 
 
Figure 2.6:  Development of a Mössbauer spectrum [42].  
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18 
 
 
 
2.6 Hyperfine interaction parameters 
 Hyperfine Interactions are the interactions of the nucleus with its surrounding 
electrons. This interaction depends on both the density as well as the distribution of the 
charges in its immediate environment and can lead to finely spaced atomic energy levels 
called hyperfine structure. Three most important hyperfine interactions are electric 
monopole, electric quadrupole and magnetic dipole interactions. The electric monopole 
interaction will shift the energy of the levels in Mössbauer spectroscopy, and give rise 
to the isomer shift (δ) which is a measure of the charge difference around the probe in 
the source and absorber. The electric quadrupole interaction will partly split the 
degenerate levels and the magnetic dipole interaction will completely lift degeneracy of 
the levels [43].  
 
2.6.1 Electric monopole interaction: Isomer shift (δ) 
 
 The peaks observed in a Mössbauer spectrum undergo energy shifts when the 
Mössbauer atom is in different materials. These shifts are due to electrostatic interaction  
between the nucleus and s-electrons inside the nuclear region. This interaction leads to 
an energy level difference between the absorber and the source nuclei. The resulting 
changes in the nuclear energy levels are illustrated in Figure 2.7. The transition energies 
AE and SE between the excited and the ground state in the absorber and the source are 
given by [37, 44].  
    222|)0(|
2
3
geAA rrZeE      (2.23) 
and  
   222|)0(|
2
3
geSS rrZeE  , 2.24) 
  
where  2r is the expectation value of the square of the nuclear radius, 2|)0(| is the  
probability density and 2Ze is the nuclear charge. 
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 Figure 2.7(b), shows the observed isomer shift in the Mössbauer spectrum as a 
minimum shift of the absorption line from zero velocity. When the source and absorber 
move relative to each other, the energy difference, E  between the source and the 
absorber, is equal to the shift caused by the Doppler effect. Then the isomer shift can be 
written as 
 
     222 00
5
2
SAIS Ze 

    22 ge rr  . (2.25) 
 
 The most valuable information derived from the isomer shift are the oxidation state, 
spin state and bonding properties such as covalency and electronegativity [37]. For 
example, ferrous ion (Fe2+) will have a greater isomer shift than ferric ion (Fe3+) due to 
less electron density of the ferrous ion at the nuclei because of a higher shielding effect 
by d electrons. The isomer shift values become more positive, with a gradual increase in 
the number of 3d electrons which causes a reduction in the electron density. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7:  Effects of electron monopole interaction:  represents the 
isomer shift [40]. 
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 Figure 2.8 shows 57Fe isomer shift values as a function of oxidation states.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8:   Typical isomer shift values in iron compounds [44]. 
 
 The observed isomer shift is not mainly due to electric monopole interaction but 
also due to the thermal motion of Mössbauer atoms. These thermal vibrations give rise 
to temperature changes and this temperature dependent contribution causes the shift of 
the energy levels. This contribution is called the second-order Doppler shift (δSOD) and 
adds to the genuine isomer shift (δ) [44]. Therefore, the experimental isomer shift is 
given by:  
 
  SOD exp . (2.26)  
 
 The second-order Doppler shift can also be written in terms of mean square 
velocity  2v  [40, 44]. 
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  RSOD E
c
v
2
2
2

 . (2.27) 
 
 Applying the Debye model, the shift of the energy levels due to the second-order 
Doppler shift can be approximated as:  
 






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





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
 
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e
xT
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1
3
8
3
2
3
. (2.28) 
 
2.6.2 Electric quadrupole interaction: Quadrupole splitting (∆EQ) 
 
 The quadrupole splitting originates from the interaction between the nuclear 
quadrupole moment and the electric field gradient (EFG) at the site of the nucleus. If a 
nucleus with 
2
3
I  have a non-spherical charge distribution and the nuclear quadrupole 
moment is defined as:  
 
     dr
e
Q 1cos3
1 22   , (2.29)  
 
where e, is the proton charge,  is the charge density in the volume element d at a 
distance r from the centre of the nucleus and  is the angle to the nuclear spin. The sign 
of Q can be positive and negative [43]. Positive Q means the nucleus has an elongated 
shape and negative Q means the shape is flattened. If the surrounding crystal has an 
anisotropic charge distribution there will be an electric field gradient (EFG) present at 
the nucleus. This will interact with the electric quadrupole moment and split the nuclear 
levels. The EFG is defined as a tensor:    
 
 
ji
ij
xx
V
V



2
;      zyxxx ji ,,;   (2.30) 
where V is the electrostatic potential and  zyxxx ji ,,;   is the principal axe of the 
EFG.   
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 In the absence of competing hyperfine interactions, a set of principal axes is chosen 
such that the off-diagonal elements of the EFG tensor are zero. By convention, |
zzV | > 
| yyV | > | xxV | are labelled as principal axes [45], since the Laplacian of the potential 
vanishes,  
 
       0 zzyyxx VVV . (2.31) 
 
 Then there are only two parameters to specify the EFG [46-47] and are chosen to be 
zzV  and an asymmetry parameter  of the electric field defined by, 
 
 






 

zz
yyxx
V
VV
  (2.32) 
and must satisfy the condition, 10  . The interaction between the EFG and electric 
quadrupole moment is described by the Hamiltonian written in this form [44]:  
 
 
 
 )(ˆ3
)124
222
yxz
zz IIII
II
eQV
H



  . (2.33) 
 The isotope 57Fe and 119Sn have an excited-state spin 23I and a ground state of 
21I . For 23I  the excited-state splits into a pair of sublevels as illustrated in 
Figure 2.9.  The energy eigenvalues can be derived to be:  
 
3
1
4
5
4
2
2 





 m
eQV
E zzQ  (2.34) 
where m is the quantum number associated with the zI

operator.  
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 The quadrupole splitting (∆EQ) between the sublevels is given by   
 
 
3
1
2
2
 zzQ
eQV
E . (2.35) 
As seen in equation (2.35), the quadrupole splitting is proportional to zzV . For 0 , 
equation (2.35) will be reduced to, 
  
2
zz
Q
eQV
E  . (2.36)  
 
 Equation (2.36), shows the quadrupole splitting can either be positive or negative 
depending on the sign of Q and zzV . For 
57Fe, Q > 0 and the sign of the quadrupole 
splitting solely depend on the sign of zzV .  
 
 
Figure 2.9: Quadrupole splitting of 57Fe and the resulting Mössbauer spectrum 
[40]. 
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 The information about the chemical bonding and whether the surrounding crystal 
structure is cubic ( 0zzV ) or not ( 0zzV ) can be obtained from quadrupole splitting 
[46]. The quadrupole splitting QE is given in units of Doppler velocity (mm/s). The 
quadrupole interaction originates from two contributors to the total EFG is given by 
[45]:   
 
      
Valzzlatzztotalzz
VVV   (2.37) 
 
where  
latzz
V is the lattice contribution due to the charge of neighbouring ions, in a non-
cubic lattice symmetry and  
Valzz
V is the valence electron contribution.  
 
2.6.3. Magnetic dipole interaction: Magnetic splitting 
 
 The magnetic dipole interaction reflects the interaction between nuclear magnetic 
dipole moment and magnetic field B at the nucleus which results in a split of the nuclear 
energy levels. The presence of the magnetic field at the nucleus may be due to the 
internal field or an externally applied field. This interaction is referred to as magnetic 
dipole hyperfine interaction or Zeeman splitting. The magnetic dipole hyperfine 
interaction can be defined by the Hamiltonian is given by the expression:  
 
BIgH NIm

..  (2.38) 
 
where Ig is the gyromagnetic factor of the nucleus having a nuclear spin I, N is the 
nuclear magneton. The presence of the magnetic field leads to splitting of the states I 
into 2I+1 substates characterized by the magnetic spin quantum numbers Im [44]. The 
ground state with 21I  splits into two substates ( 21Im and 21Im ) and the 
excited states with 23I into four substates ( 21,21,23 Im and - 23 ) as 
illustrated in Figure 2.9.  
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 The selection rules for the magnetic dipole transition ( 1,0  Im ) allow for 
gamma transition between the sublevels, six possible transitions resulting in six 
absorption lines in the Mössbauer spectrum. The energies of the sublevels are given by 
first-order perturbation theory:  
 
  INIm mBgmE

 . (2.39) 
 
 The magnetic hyperfine splitting allows for the determination of the magnitude and 
direction of the effective magnetic field effB

acting at the nucleus. The effective 
magnetic field is given as a sum of two contributors [42]:  
 
hfloceff BBB

  (2.40) 
 
where locB

is the local magnetic field at the Mössbauer nucleus and hfB

is the hyperfine 
magnetic field of the Mössbauer atom’s own electrons. Furthermore, locB can be 
expressed in terms of the following contributions [38].  
 
mmextloc MDBB

3
4
 , (2.41) 
where extB is an external field, mM

is the magnetization, mD is the demagnetization field 
and the term mM

34 is the Lorentz field. The magnetic hyperfine field hfB has three 
contributions [37-38]: 
 
DLFhf BBBB

 ,                                                  (2.42) 
 
where FB

is Fermi contact field from s-electron spin density, LB

is the orbital field due 
to the orbital motion of unpaired electrons and the nucleus and DB

is the dipole field at 
the nucleus stemming from the total spin magnetic moment of the valence electrons.   
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Figure 2.10:   Magnetic splitting of 21I and 23I  the corresponding sextet 
observed in a typical spectrum [47].    
 
 
2.6.4 Combined magnetic and quadrupole interactions 
 
 If both the magnetic and quadrupole interactions are present, then the combined 
effect will yield a complex spectrum as illustrated in Figure 2.11. For a 
2
3
2
1
  decay, 
the quadrupole interaction can be treated as a first order perturbation to the magnetic 
interaction provided the EFG tensor is axially symmetric. The eigenvalues of the energy 
levels are given by [48].  
)1cos3(
8
)1( 2
21
, 

 zz
m
INmQ
eQV
BmgE I              (2.43) 
 
where  is the angle between the magnetic axis and EFG tensor axis and the last term is 
called the quadrupole shift ɛ. The electric quadrupole interaction strength ZZeQV  is not 
determinable from the spectrum in this case, unless the direction of magnetization 
relative to the symmetry axes is measured by other means [48].  
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 If the electric quadrupole is known, the experimental results obtained can be used to 
determine the direction of the magnetization. In cases such as ferric and metallic 
systems [48], electric quadrupole interaction does not depend on temperature or it varies 
slowly with it, and the value determined above the magnetic order can be used to 
determine the orientation of the magnetization vector with respect to the EFG tensor. If 
EFG tensor is not axially symmetric but the magnetic axis lies along one of its principal 
axes, then the excited state splitting for 23I  are given by four energy:  
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Figure 2.11:  δ and ∆EQ when only the magnetic dipole interaction is present 
and when the magnetic dipole interactions is perturbed by a 
small electric quadrupole interaction [48].  
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 A combined magnetic and quadrupole interaction can more information regarding 
the symmetry of the atomic environment and the relative orientation of the 
magnetization with respect to the axes. 
 
2.6.5 Angular dependence of hyperfine parameters  
 
2.6.5.1 Quadrupole splitting  
 
 The complexity of the Mössbauer spectrum can be simplified if the relative line 
intensities of various spectral components are known. These components (either doublet 
or sextet) can show an angular dependence of the relative line intensities of the split 
lines. For a quadrupole split doublet in a polycrystalline material, the two observed lines 
will have equal intensities in the Mössbauer spectrum [46]. However, a quadrupole split 
doublet measured in single-crystalline material may exhibit an angular dependence of 
the relative line intensities. The two transitions labelled   and   depends on the angle 
between the principal axis of the EFG and the γ-direction. Therefore, the ratio of the 
intensities between 2321:  and 2121:  transitions is given by,   
  
 





2
2
cos35
cos13



I
I
f ,  (2.44) 
 
where   is the angle between the γ-ray direction and the zzV  direction. For 
090 and 
00 ,  f  will be 0.6 and 3.0 respectively. However, if 07.54 (magic 
angle),   1f  which means the intensity of the two peaks is equal. The sign of the 
QE depends on the sign of the zzV  of the EFG, which can either be positive or negative 
depending on whether 23Im  energy level is higher or lower than the 21Im  
energy level. The intensity of the leg of the asymmetric doublet can be determined by 
the sign of the EFG and geometry of the experimental set-up. If 0 QE , the left leg is 
more intense at small angles in emission geometry, while the right leg is more intense at  
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small angles in transmission geometry [40]. If 0 QE , the reverse is also true. Table 
2.1 shows the transition probabilities for the quadrupole splitting doublet in a 
Mössbauer spectrum.  
 
Table 2.1: Transition probabilities for the quadrupole split doublet in a Mössbauer 
spectrum [46]. 
 
Transition 
 
Line position  
for ∆EQ > 0 
Relative intensity Poly-crystalline 
2321:   
 
2QE  (left peak) 
2cos33  4 
2121:   2QE (right peak) 
2cos35  4 
 
 
2.6.5.2 Magnetic splitting 
 
 In magnetic sextets originating from single crystal materials, the relative intensity 
ratio depends on the angle   between the magnetic hyperfine field and emission γ-
direction. Table 2.2, shows the relative intensity ratios of the sextet lines for the 57Fe 
transition ( 2123 I ).  
 
Table 2.2: Angular distribution of the relative intensities for the six allowed 
transitions in 57Fe [40]. 
 
Line Transition Relative intensity Poly-
crystalline 
B // γ B γ 
1 (6) 2321   3 3 3 3 
2 (5) 2121   


2
2
cos1
sin4

 2 0 4 
3 (4) 2121   1 1 1 1 
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 From Table 2.2, it is seen that only the intensity of line 2 and 5 vary from 0 to 4 and 
are angle dependent. When 00 , the ratio of relative intensities of the sextet lines is 
3:0:1:1:0:3, and when 090  the ratio is 3:4:1:1:4:3. For α-Fe foil the magnetic field is 
randomly orientated, resulting in a sextet of line ratio close to 3:2:1:1:2:3.    
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CHAPTER 3 
Experimental Details 
 
3.1  Introduction 
 
 This chapter briefly describes the preparation of the sample by ion implantation 
which is employed to incorporate dopant atoms in the substrate under study. The ion 
implantation process has several advantages: (i) controlled dopant concentration, their 
lateral and depth distribution, (ii) controlled substrate temperature which limits 
diffusion of the implanted species, (iii) complex profiles can be achieved by multi-
energy implants, and (iv) less sensitive to surface cleaning procedures. A detailed theory 
of ion implantation and its application in semiconductors is outlined in refs [49-52]. 
 Two characterization techniques were utilized in this study, namely,  Mössbauer 
spectroscopy (MS) and magnetization measurements with a vibrating sample 
magnetometer (VSM). Since its discovery (in 1957), Mössbauer spectroscopy has found 
wide applications both in industrial and research studies [44, 53-55]. Mössbauer 
spectroscopy specific experimental details of the measurements undertaken are 
discussed as being the main technique employed as Conversion electron Mössbauer 
(CEMS) on 57Fe/56Fe implanted sample using a standard 50 mCi 57Co(Rh) source. In 
addition, VSM as a secondary technique was employed to investigate the magnetic 
properties of the sample under study. A summary of the principles of Mössbauer 
spectroscopy is presented together with a brief introduction of the principle of operation 
of a vibrating sample magnetometer.  
 
3.2  Sample Preparation 
 
 The ion implantation technique is a general method for altering the near-surface 
properties of a wide range of materials [50]. During implantation, impurity atoms are  
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accelerated from few a keV to several hundreds of keV energies and implanted into 
crystalline sample [56].  
 As these high-energy atoms enter the crystal lattice, they lose energy due to 
collisions with the lattice atoms before coming rest some distance below the surface of 
the substrate. Ion implantation has proved to be a success thus far in the area of 
semiconductor technology, and today almost all semiconductors devices are fabricated 
using one or more ion implantation steps [50]. Although various articles [57-59] have 
been published on research and development involving ion implantation, this technique 
has also proven to be successful as a means of modifying the physical and chemical 
properties of the near-surface region of metals and alloys [60-61].   
 The focus of the present project was to search for the formation of magnetic 
nanoclusters of Fe ions implanted in Al2O3. The incorporation of the Fe ions in the 
crystal was achieved by implanting a combination of 57Fe and 56Fe ions to total atomic 
concentration of 4 at. % of Fe in the Al2O3 single crystal substrate. 
57Fe is a Mössbauer 
probe nucleus, and hence its presence assured that the implanted sample could be 
studied by using Mössbauer spectroscopy. The implantations of the Fe ions accelerated 
to 50 keV energy, were carried out at the University of Jena, Germany, using the 
ROMEO implanter. The implantations were performed at room temperature in an 
implantation chamber under vacuum with a pressure <3.0 x10-6 mbar with the sample 
tilted at an angle of 70 to the surface normal of the substrate to avoid channeling effects. 
 
3.2.1  Implantation Parameters, and Profiles  
 
 Monte Carlo simulations were carried out to predict the implantation profile using 
the code SRIM2013 [62]. The implantation parameters were chosen carefully following 
SRIM2013 simulations to achieve an implantation profile (see Figure 3.1) and a 
combined 4 at. % concentration of Fe ions, aimed at keeping lattice damage relatively 
low and allowing enough transition metal ions in the Al2O3 lattice to give measurable 
magnetization signals.  
 
33 
 
 
  
 The implantation energies and fluences are listed in Table 3.1 below while Figure 
3.2 (a) and Figure 3.2 (b) show the distribution profiles of 57Fe and 56Fe implanted into 
Al2O3. The target displacements, vacancies, and replacement collisions produced as the 
result of the simulations are presented in Figure 3.3 (a) and Figure 3.3 (b).  
 
Table 3.1: Energy and fluences of iron species implanted in Al2O3. 
Ion Energy (keV) Fluences (x 1015 /cm2) 
56Fe 50 5.6 
57Fe 50 5.6 
 
 
 
 
 
 
 
  
 
 
 
 
  
 
 
Figure 3.1:  Plot of concentration distribution of implanted Fe in Al2O3, estimated from 
TRIM simulations. 
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(a) 
Figure 3.2: Ion distribution profiles for 50 keV of (a) 56Fe and (b) 57Fe implanted at an 
angle of 70 in Al2O3. 
(b) 
Figure 3.3: Damage profiles for 50 keV of (a) 56Fe and (b) 57Fe implanted at an angle of 70  
in Al2O3. 
 
(a) (b) 
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 The calculated projected range and straggle values for Al2O3 implanted with 
56Fe 
and 57Fe are displayed in Table 3.2 below.  
 
Table 3.2: Projected range and straggle for Al2O3 implanted with 56Fe and 57Fe. 
 
Al2O3 implanted with 56Fe Al2O3 implanted with  57Fe 
Projection Range (Å) Straggle (Å) Range (Å) Straggle (Å) 
Longitudinal 259 91 259 90 
Lateral  61 77 60 77 
Radial  90 52 90 51 
 
 
3.3 Mössbauer spectroscopy 
 
 57Fe Mössbauer spectroscopy was utilized as the main characterization technique in 
this study. Due to its unique feature, Mössbauer spectroscopy has the ability to probe 
location environment at atomic scale, and provide reliable information on the lattice 
sites, symmetry, charge state, and magnetic interactions of the Mössbauer isotope [42]. 
In this study, conversion electron Mössbauer spectroscopy (CEMS) was employed and 
is discussed in detail in the following section.  
 
3.3.1  Conversion Electron Mössbauer Spectroscopy (CEMS) 
 
 CEMS is a technique which can be used to investigate Mössbauer effect in back-
scattering geometry by detecting the conversion electrons emitted in the decay of the 
Mössbauer probe nucleus. Figure 3.4, illustrates the internal conversion process in the 
decay of the excited state of iron nucleus.  During the process, the γ-ray photon transfers 
its energy to electrons from the K, L or M electronic shells. Holes in the L shell to K 
shell are filled by transition of electrons by higher levels, resulting in emission of X- 
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rays and Auger electrons.  CEMS detector is mostly sensitive to low energy electrons. 
In the case of internal conversion electron detection, CEMS detector will detect the 
emitted K-electrons because of close proximity of these electrons to the nucleus. An 
iron K-conversion electron is ejected with a kinetic energy equivalent to the difference 
between the gamma ray energy and binding energy [16].  
 
 CEMS techniques are normally restricted to the near-surface of the sample than 
bulk, due to the low kinetic energy of the K-electrons. It is also useful for samples with 
thick substrates or high Z where transmission of γ-rays through a sample is blocked. 
Thus, it is useful in studying implanted samples [16, 63]. The advantage of CEMS 
compared with Transmission Mössbauer Spectroscopy (TMS) is that samples of any 
shape and thickness can be used.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4:  The nuclear decay scheme for 57Co/57Fe and various emission processes 
for 57Fe that can follow resonance absorption of an incident gamma 
photon [64]. 
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Figure 3.5, shows the CEMS system at the Mössbauer laboratory at iThemba LABS. 
The parallel plate avalanche detector (PPAD) being mounted on the gas tank. A number 
of lead blocks were placed around the experimental set-up for radiation protection to 
about 90% of γ-rays emitted from the source and the sample.  
 
 
 
 
 
 
 
 
 
 
 
  
 
3.3.2  CEMS Measurements and Annealing Conditions 
 
 CEMS measurements were carried out at room temperature using a 57Co (Rh) 
source on the as-implanted sample and after annealing at temperatures up to 1173 K. 
The sample was annealed for 30 minutes in air at atmospheric pressure.  
 
 
 
Figure 3.5:  CEMS set-up at iThemba LABS. 
Tank 
PPAD 
  Shield 
Source 
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3.3.3  CEMS Detector  
 
 Many different types of CEMS detectors were developed and used in Mössbauer 
spectroscopy. The most common CEMS detectors are (a) single/multiple wire anode gas 
low detectors and (b) parallel plate avalanche detectors (PPAD).  
 In this present work, a PPAD developed by Moodley and Bharuth-Ram [64] was 
used as a CEMS detector. As shown in Figure 3.6 below, γ-rays from the source strike a 
sample incorporated in the PPAD. The sample to be probed is placed in the PPAD on 
one of the plates which is negatively charged as shown in Figure 3.6.  
 
 
 
 
 
 
 
 
 
 Figure 3.7 below, shows how the sample under investigated was mounted on of the 
negatively charged plate in the PPAD. The plates were made of Perspex and were 
sprayed with graphite to make them conducting.  
 
 
 
 
 
Figure 3.6:  Schematic diagram of a PPAD with a source of γ –ray. 
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3.3.4 Procedure of operation in CEMS 
 
1). The sample under investigation was placed on the graphite conducting region of 
one perplex plate then mounted as shown in Figure 3.8.  
 
 
 
Open system  
Sprayed 
plates 
Closed 
system  
Connector 
Figure 3.7:  PPAD open and closed systems. 
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Figure 3.8:  Sample mounted on PPAD. 
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2). The detector was then connected to the cylindrical container filled with pressure 
as shown in Figure 3.9.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.9:  PPAD connected to a tank. 
Tank 
Valve 
PPAD 
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3).  Figure 3.10, shows connections between, the tank, PPAD, the vacuum pump and 
the connections to the flask containing the acetone.  
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.10:  Vacuum pump station at iThemba LABS Mössbauer laboratory. 
Tank 
PPAD 
Pump 
Gauge 
Valve 
Pipe from a flask 
containing acetone 
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4). After a sequence of pumping and flushing of the detector volume with acetone 
vapour, the pressure was set at the desired value of 35 mbar.  
 
3.3.5  Data acquisition Electronics 
 
 The experimental set-up and instrumentation of the CEMS system are illustrated in 
Figure 3.11.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.11:  Electronics and Experimental set-up for CEMS [47]. 
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 The parallel-plates in the detector are connected to a high voltage (HV) supply 
through the pre-amplifier. The pulses from the detector is pre-amplified, then amplified 
and passed through the single channel analyzer (SCA). The SCA rejects the background 
radiation and retains only a pulses corresponding to 14.41 keV Mössbauer γ-gamma 
rays [65]. The discriminated pulses are finally fed into a multi-channel analyzer (MCA), 
which operates in pulse height analysis (PHA) mode and multichannel scaling (MCS) 
mode. The PHA mode is used to observe the total energy spectrum of the radiation 
source and allow the selection of 14.41 keV line.  
 
 The MCS mode synchronizes several hundreds of channels with the velocity of the 
Mössbauer drive unit (MDU) by making use of the feedback control system through the 
function generator (FG). The FG produces the reference signal which determines the 
waveform of the 57Co source [66].  The data acquisition can be changed to MCS mode, 
measurements commence and produce a histogram plot of intensity of counts versus 
velocity of the 57Co source.  
 
3.4.6  Calibration of Mössbauer spectra 
 
 In this study, the method of calibration was to use α-Fe foil at room temperature. 
The foil is characterized as follows, 99.99% Fe, 0.01% carbon and has a thickness of 
approximately 12 µm. Its magnetic field values are ~32.9 T, with zero isomer shift and 
quadrupole splitting values. All isomer shifts are determined with respect to the center 
of the α-Fe spectrum which serves as a reference. Figure 3.12, shows the velocity 
profile during the single period which resulted in a spectrum being recorded twice in the 
512 channels of MCA. This is illustrated in Figure 3.13.  The spectrum in Figure 3.13 
was folded so that the total number of channels is reduced to 256, thus eliminating 
statistical noise. The folded α-Fe foil spectrum gives a six-line pattern where the center 
spectrum is chosen as zero velocity and is used to set the reference point for the isomer 
shifts measured. The folded spectra for Transmission Mössbauer spectroscopy (TMS) 
and conversion electron Mössbauer spectroscopy (CEMS) are is shown in Figure 3.14.  
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Figure 3.12:  Triangular velocity profile as a function of channel number. 
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 Figure 3.13:  Unfolded CEM spectrum of an α-Fe foil. 
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Figure 3.14:  Folded Mössbuer spectra for α-Fe in a) Transmission Mössbauer 
spectroscopy and b) conversion electron Mössbauer spectroscopy 
measurements (right). 
 
3.4.7 Data analysis 
 
  Usually, after the implantation processes, the probe atoms are located on several 
lattice sites with different hyperfine parameters, resulting in very complex spectra. The 
analysis involves least –square fitting procedure using Lorentzian lines or voigt line 
shapes (with Gaussian broadening). The experimental data obtained in this study was 
analyzed with Mössbauer analysis program RECOIL [67] using Voigt line shapes with 
a Lorentzian line with Г (FWHM) = 0.30 mm/s and Gaussian broadening σ.  
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3.5  Vibrating Sample Magnetometer (VSM)  
 
 Magnetic materials are classified into two broad categories, soft and hard [68]. Soft 
magnetic materials have large permeabilities and very small coercivities (typically less 
than 1 Oe). While hard magnetic materials are used in permanent magnetic applications 
and have large saturation, and coercivities (larger than 10 kOe). Whether the materials 
are hard or soft, characterization of their magnetic properties can best be described in 
terms of their hysteresis loop. The most common measurement method utilized for 
hysteresis loop determinations at ambient temperature is the vibrating sample 
magnetometer (VSM). Invented by Simon Foner, in 1955 at MIT [69]. VSM allows for 
measurements of magnetic material properties such as hysteresis, saturation 
magnetization, coercivity, and anisotropy.  
 
 In this study, the magnetization measurements were made with a VSM incorporated 
in a Cryogenics Physical Properties Measurement System (PPMS).  A brief description 
of VSM operation and measurements are discussed below.  
 
3.5.1  Principle of Operation  
 
 The VSM is based on Faraday’s law which states that an electromagnetic force 
(emf) is generated in a coil when there is a change in flux through the coil [70]. The 
principle relies on the detection of the induced emf in a coil wire given by: 
  
   cosBA
dt
d
N , (3.1) 
 
where N is the number of turns in a coil, A is the coil turn area, θ is the angle between 
the applied magnetic field (B) and the direction normal to the coil surface. The 
operation of VSM is fairly simple. A sample under investigation is placed on a long rod 
which is driven by a mechanical vibrator. The rod is positioned between the pole pieces 
of an electromagnet to which detection coils are mounted.  
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 Thus the sample is vibrated at in a vertical direction with respect to the pick-up 
coils at a fixed frequency. The sample can be magnetized by a horizontal magnetic field 
generated by an electromagnet. The pick-up coils measure the induced magnetic flux. 
The resulting variable signal is proportional to the magnetic moment of the material 
under investigation and also to the vibration frequency and amplitude. The induced 
signals are fed to a differential amplifier to compensate for variations in amplitude and 
frequency of oscillations [70-71]. In addition, a lock-in amplifier with phase sensitive 
detection coupled to a low pass filter generates a direct current output signal that purely 
depends on the induced magnetic moment from the specimen [42]. 
 
 
 The pick-up coils are matched and connected in opposite sense, such that in the 
absence of a sample the overall induced voltage is zero. This is because the external 
magnetic field is induced in equal and opposite directions.  
 
Figure 3.15: Schematic representation of a VSM apparatus. Adapted from [72]. 
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 When the sample is in an upward motion, it causes an increase in the flux through 
the upper pick-up coils and a decrease in the flux through the pickup coils. The reverse 
is constant with the downward motion of the specimen. As a result, the overall voltage 
induced when the sample is oscillating is proportional to twice the divergence of the B-
field.   
 
 3.5.2  VSM measurements  
 
 Magnetization curves, M (H, Tm), were measured as a function of measuring 
temperature (Tm) at 4 K and 293 K after the 1173 K annealing stage.  In addition, the 
magnetization curve of a virgin Al2O3 sample was also measured at both measuring 
temperatures and was used to subtract the diamagnetic background component from the 
data.   
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CHAPTER 4   
Analysis, Results, and Discussion 
 
 This chapter presents the analysis of the data and interpretation of results obtained 
from the CEMS and VSM measurements on the Fe-implanted Al2O3 sample. The first 
section of this chapter focuses on results from CEMS measurements with special 
attention given to the structural changes observed in the spectra with annealing 
increasing temperature. The final section of this chapter focuses on results obtained 
from VSM measurements.  
 
4.1 CEMS Measurements on Fe-implanted Al2O3 
 
 The CEMS data was collected with a parallel plate detector operated with acetone 
gas at a pressure of 35 mbar. The data was collected at room temperature on the as-
implanted sample and after annealing the sample for 30 minutes in air at temperatures 
up to 1173 K.  
 
 4.1.1 Analysis and Results 
 
 The CEM spectra of the as-implanted and after annealing at temperatures indicated 
are presented in Figure. 4.1. The as-implanted spectrum is similar to the spectra 
observed in previous studies on Al2O3 implanted with Fe to fluences of 10
16 -1017 
ions/cm2 [31,73], showing that the implanted iron ions are in four charge states of Fe4+, 
Fe3+, Fe2+ and Fe0, but differ from those observed in other Fe ion implanted Al2O3 
studies [18,19,28,30,74]. These authors reported that the implanted iron ions are in Fe3+, 
Fe2+ and Fe0 for an as-implanted samples. The analyses of the spectra in all these studies 
were conducted in terms of Fe being incorporated in the Al2O3 lattice in both Fe
2+ and 
Fe3+ valence states, which are distinguishable by their distinctly different isomer shift 
values.  
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 The same procedure was followed in which Mössbuer spectral analysis program 
RECOIL of Rancourt et al.[67], using Voigt lines shapes with a Lorentzian line width  
(FWHM) = 0.15 mm/s and Gaussian broadening were used for the spectral 
components. Accordingly, the spectrum of the as-implanted sample was fitted with the 
following components:   
(i) a symmetric doublet D1, with isomer shift δ = 1.22(4) mm/s, a quadrupole 
splitting ∆EQ = 1.60(8) mm/s, and a large line broadening (σ = 0.50 mm/s), due to 
Fe in implantation induced damaged regions/zones in the Al2O3 lattice (Fe
2+);  
(ii) doublet symmetric D2, with δ = 0.42(6) mm/s and ∆EQ = 1.74(2) mm/s, attributed 
to Fe3+; 
(iii) doublet symmetric D3, with δ and ∆EQ values of -0.08(1) and 0.30(1) mm/s 
respectively. This component is attributed to Fe4+ and  
(iv) singlet S1, with  δ = -0.04(6) mm/s, attributed to Fe0.  
 
 A dramatic change in the spectrum is evident, after annealing at 873 K with the 
inclusion of a doublet component D4 whose parameters are indicative of Fe3+ and at 
temperatures above 1073 K  the resonance structure is due to two paramagnetic doublets 
with isomer shifts characteristic of Fe3+. The parameters extracted from the fits to the 
spectra are collected in Table 4.1 where the isomer shifts are expressed relative to the 
centroid of an α-Fe absorber at room temperature (RT). The assignments are based on 
the information compiled by Gütlich [44].   
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      Figure 4.1:  CEM spectra of Fe implanted Al2O3 collected at room temperature after 
annealing at the temperatures shown. 
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Table 4.1: Mössbauer fit parameters, isomer shift (δ), quadrupole splitting (∆EQ), 
area fraction (fA), and Gaussian broadening (σ) of the spectral 
components required to fit the CEM spectra. 
 Annealing 
Temperature 
(K) 
 
Component  
δ 
(mm/s) 
∆EQ 
(mm/s) 
σ 
(mm/s) 
fA 
(%) 
Assignment 
 
As-implanted 
 
 
  S1 
D1 
D2 
D3 
-0.04(6) 
1.22(4)  
0.42(6) 
-0.08(1) 
0 
1.60(8) 
1.74(2) 
0.30(1) 
0.10 
0.50 
0.20 
0.10 
15(3) 
58(2) 
18(2) 
8(2) 
Fe0 
Fe2+ 
Fe3+ 
Fe4+ 
 
673 
       S1 
D1 
D2 
 
0.02(5) 
1.05(9) 
0.46(3) 
 
0 
1.16(3) 
1.63(2) 
 
0.10 
0.50 
0.20 
 
26(2) 
58(3) 
15(3) 
 
Fe0 
Fe2+ 
Fe3+ 
 
873 
D1 
D2 
D4 
0.79(7) 
0.23(9) 
0.26(4) 
1.22(5) 
1.14(1) 
 0.49(7) 
0.50 
0.20 
0.10 
26(3) 
26(3) 
48(2) 
Fe2+ 
Fe3+ 
Fe3+ 
 
973 
D1 
D2 
D4 
0.79(7) 
0.25(5) 
0.29(3) 
1.22(5) 
0.87(8) 
0.46(8) 
0.50 
0.20 
0.10 
5(2) 
38(2) 
57(3) 
Fe2+ 
Fe3+ 
Fe3+ 
 
1073 
D2 
D4 
0.36(3) 
0.33(2)  
1.0(1) 
0.47(8) 
0.20 
0.10 
45(2) 
55(2) 
Fe3+ 
Fe3+ 
 
1173 
D2 
D4 
0.35(2) 
0.32(1) 
0.74(7) 
0.44(2) 
0.20 
0.10 
36(2) 
64(4) 
Fe3+ 
Fe3+  
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4.1.2 Spectral parameters and Assignments 
4.1.2.1 Spectral component at room temperature 
 
 A single line component S1, near zero velocity (δ = -0.04(1) mm/s) in the spectra 
can be attributed to metallic iron, Fe0. This single line seems to indicate the presence of 
clusters either as α-Fe or superparamagnetic γ-Fe [18, 73]. A similar component was 
observed in other Fe-implanted Al2O3 studies [18, 28, 31-32, 73-77]. 
  A symmetric doublet D1 with isomer shift δ = 1.22(4) mm/s, quadrupole splitting    
∆EQ = 1.60(1) mm/s, and a large line broadening (σ = 0.50 mm/s), is due to Fe in 
implantation induced damaged regions/zones in the Al2O3 lattice. This component is 
assigned to the Fe2+ state. Doublet D2, with isomer shift of 0.42(6) mm/s and large 
quadrupole splitting of 1.74(2) mm/s is observed throughout the temperature range. This 
component is attributed to Fe on substitutional Al sites in the lattice (designated Fe3+).  
 A low intensity doublet D3, with δ = -0.08(1) mm/s and ∆EQ = 0.30(1) mm/s is 
only observed on the as-implanted sample is attributed to Fe4+ ions located in a distorted 
FeO6 structure. A similar doublet component was observed with iron implanted Al2O3 
[76], and iron-implanted polycrystalline Al2O3 [28]. The presence of this component in 
a distorted FeO6 octahedral environment seems to promote the amorphization of Al2O3. 
The presence of Fe4+ ions in Mössbauer measurements when the sample is implanted 
with 140 keV 57Fe ions at the fluence of 2.0 x 1017 cm-2, seems to suggest that the 
implanted layer might be between a vacancy-rich Al2O3 lattice and the amorphized layer 
[28]. 
 
4.1.2.2 Annealing Behaviour  
 
 Figure 4.2 shows the relative area fractions of the fitted spectral components as a 
function of annealing temperature in air.  
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 In the temperature range ≤ 673 K, the area fraction of the metallic iron increases 
from 15(3) % to 26(3) %, with a corresponding decrease in the substitutional Fe area 
fraction by approximately 3%. The area fraction of the damage site remains fairly 
constant. Fe4+ component completely disappears at 673 K. Donnet et al. [73] reported 
the disappearance of this component after annealing above 673 K in CEMS 
measurements, resulting a new doublet component whose parameters are characteristic 
of a mixed oxide containing Fe3+ ions and Al3+. Therefore, in this study, we suggest that 
disappearance of this component at 673 K indicate the transformation of these ions into 
metal and mixture of oxides containing Fe3+ ions.  
 
 Annealing of the damage site is evident in the temperature range 673 K – 873 K. 
The area fraction of the damage site decreased from approximately 58 % at 673 K to  
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Figure 4.2:  Area fraction of components as a function of temperature.  
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26 % at 873 K. In this temperature range, the area fraction of the metallic iron decreases 
from 26(2) % to 0 % which necessitated the inclusion of a dominant (48(2) %) doublet 
component with parameters indicative of Fe3+ (D4). The increase in the substitutional Fe 
area fraction from 15(3) % to 26(3) % is attributed to the annealing of the damage site 
with increasing temperature.  
 
 After annealing at temperatures above 973 K, the damaged site component 
disappears completely, indicating that the induced damage is completely annealed. After 
annealing at 1073 K and 1173 K, the total amount of implanted iron was oxidized into 
two paramagnetic doublets (D2 & D4) with isomer shifts that indicative of Fe3+ ions. 
The quadrupole splitting of the component D4 shows little change with annealing, but 
that of D2 shows a significant decrease, reflecting a reduction in the size dispersion of 
the clusters. The population of D4 increases at the expense of D2, reflecting an increase 
in the population of the larger clusters.  
 
4.2 VSM Studies  
 
 Magnetization measurements on the Fe-implanted Al2O3 sample annealed at 1173 
K  were carried out, using a vibrating sample magnetometer as a function of applied 
field at temperatures of 293 K and 4 K at iThemba LABS, Cape Town. The 
magnetization as a function of the magnetic field are presented in Figures 4.3 (a) and 
(b). The diamagnetic background due to the substrate was subtracted. The RT 
magnetization curve displays little evidence of hysteresis. The saturation magnetization 
Ms is ~8.0 x 10
-4 emu/g with the coercive field being zero. However, the magnetization 
curve obtained at 4 K. Shown on a smaller ranger of the applied field in Figure 4.3 (b) 
shows a small hysteresis effect with a coercive field of ~0.05 T providing evidence that 
at room temperature the magnetic nanoclusters shows superparamagnetic behavior.  
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Figure 4.3 (a) & (b):  Magnetization curves of Al2O3:57Fe +56Fe measured at 293 K  
   and 4 K after annealing at 1173 K. 
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 Figure 4.4 presents a plot of moment m, normalized to ms, as a function of B/T, 
where B is the applied field and T the measurement temperature. The solid line 
represents a fit of the Langevin function  
 
    (4.1) 
 
where mr is a remanent moment at B = 0, the term  bB/ms corrects for contributions 
from the substrate and  is the magnetic moment of the particle/cluster. 
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 The Langevin function, which is applicable to small magnetic clusters, gives a good 
fit to the data and confirms the superparamagnetic nature of the Fe clusters. The values 
for ms and µ derived from the fitting of the m(B,T) behaviour to the Langevin function 
allows for the determination of the average volume V (= µ/ms) of the clusters.  
 
Figure 4.4   The moment m  normalized to the saturation moment ms, plotted as a 
function of B/T where B is the applied field and T the temperature. 
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 Analysis of our data yields values µ = 4.3 x 10-20 emu and ms = 8.9(3) x 10
-3 emu/g, 
which translate to mean cluster radius of 2-3 nm. Similar sized clusters have been 
reported for Al2O3 implanted with 4-10 х 1016 ions/cm2 Fe ions [78]. 
 
4.3 Summary of 57Fe/56Fe implanted in Al2O3 results 
 
 CEMS measurements were performed on Al2O3 single crystal sample implanted 
with 57Fe + 56Fe ions to a total concentration of 4 at. %. The CEMS measurements were 
performed on the as-implanted sample and after annealing the sample at temperatures 
up to 1173 K. Furthermore, VSM measurements were also carried out at 4 K and 293 K 
on the sample after the 1173 K annealing.  
 
The CEM spectra showed:  
 A single line component which disappears after annealing at temperatures   673 K. 
This component is assigned to either superparamagnetic -Fe clusters or to 
paramagnetic γ-Fe; a symmetric doublet due to radiation damage which dominates the 
spectra at temperatures   673 K, which is assigned to Fe2+ located in damaged lattice 
sites because of its isomer shift, large line broadening and quadrupole splitting. This 
component disappears at temperature   973 K because the induced damage is 
completely annealed; a symmetric doublet Fe3+ is assigned to Fe on Al substitutional 
site; an unstable doublet with low intensity assigned to Fe4+ is present only in the 
spectrum for the as-implanted sample and; two paramagnetic doublets observed after 
the 1073 K and 1173 K annealing with isomer shifts that are characteristic of Fe3+. This 
suggest a bi-modal size distribution of the possibly formed clusters upon annealing.  
The VSM measurements showed:  
 The magnetization curve obtained at 4 K, shows a small hysteresis effect with a 
coercive field of ~0.05 T providing evidence that at room temperature behavior 
magnetic nanoclusters shows superparamagnetic behavior.  
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CHAPTER 5 
Concluding Remarks 
 
 CEMS measurements were performed on a single crystal Al2O3 sample implanted 
with concentration of 4 at. % Fe. The results show after radiation damage due to the 
implantation process had annealed, the spectra consist of two doublets with isomer 
shifts characteristic of Fe3+. Indicating that Fe ions in Al2O3 are complexes clusters of 
size below the critical size for ferromagnetic behaviour and display superparamagnetic 
relaxation. With increasing annealing temperature, the quadrupole splittings of the 
components decrease significantly, suggesting that the cluster increase in size. VSM 
measurements at RT and 4 K support the CEMS results. Magnetization measurements at 
RT and at a series of low temperatures down to 2 K, after annealing at 1173 K, confirm 
the formation of Fe nanoclusters. Analysis of the normalized moment of the cluster in 
terms of the Langevin function for superparamagnetic particles yields an average cluster 
radius of 2-3 nm, in good agreement with previous observations. 
 
 In an extension of the present study, Bharuth-Ram et al. [31] have carried out a 
detailed magnetization study on the sample at temperatures of 2 K, 4 K, 8 K, 12 K, 16 K 
and 20 K. The magnetization isotherm, i.e. plot of M/Ms vs B/T, generated from the 
magnetization vs applied field data, were very well fitted with the Langevin function 
applicable to small magnetic clusters. The values of the saturation magnetization and 
the magnetic moment extracted from the fit led to the conclusion that the clusters were 
4-6 nm in diameter.  
 
.  
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